Abstract-The transport properties of ternary alloys, as CdZnTe, affect heavily the features required in X and Gamma spectroscopic detectors. The density and the nature of bulk defects and the lacking quality of contacts, characterized by high recombination center densities near the surface, damage strongly the quality of these materials.
I. INTRODUCTION
T ERNARY compounds have attracted much interest in the last years as semi-insulator materials for high energy photon detection. Changing the chemical composition, it is possible to optimize the energy-gap width and minimize the leakage currents. Among these materials, CdZnTe (CZT) is a promising candidate for the high-energy detection due to the high stopping-power, comparable to the CdTe one, the low cost of large scale growth technique, and the efficient operation even at room temperature. Great efforts are devoted to optimize the charge collection, to improve the growth technique, and to reduce impurity and structural defect densities.
As recently shown [1] , the Boron Oxide Encapsulated Vertical Bridgman technique allows to obtain CZT crystals of great interest for X-ray spectroscopic detectors operating at room temperature. Indium doped semi-insulator CZT ingots have been grown with large single grains, resistivity values of the order of , and very low dislocation density. The clearness and the homogeneity of this compound is still far from the degrees reached for other materials (Si, Ge) and the unwanted impurities, structural defects, and precipitates can introduce deep centers affecting the transport properties. Furthermore, the optimization of surface treatments, metallization processes, amplification and filtration systems for the output signal are still in progress [2] - [7] .
The steady-state (DC) photocurrent (PC) technique gives interesting information about transport parameters as the mobility-lifetime product and other terms related to the surface recombination [8] , [9] and it plays a complementary role with respect to the high-energy photon spectroscopy. Due to the lower penetration depth, PC provides an evaluation of the surface quality of samples. The photocurrent spectral analysis adds chance to investigate the nature of bulk trap levels, surface centers, contact layer defectiveness, and the distribution of electric field in the sample volume.
The authors exploit the peculiarity of this technique by studying planar samples and comparing the results with features emerging by X-ray spectroscopy on the same samples.
A large surface contribution to the photocurrent signal has been evidenced and attributed to oxides of Cd and Te in the surface layers created by etching and passivation processes. The metal evaporation does not seem to introduce surface defectiveness and the contact quality was verified even with different illumination geometries.
In spite of the presence of a large number of surface defects related to oxides of Cd and Te formed during etching and passivation, the samples show good transport properties, and spectroscopic features of the bulk material. For these reasons they result very promising for applications for X and Gamma-ray detectors.
This paper gives some contribution to the interpretation of the high energy band origin that the authors correlate to the surface states. Moreover different effects of these states on both the electron and the hole transport cases have been shown. By this technique it possible give an evaluation of hole product otherwise respect the X-ray spectroscopy. [10] , [11] , with a growth rate of about 1 mm/h and a thermal gradient of 10 . The crystals were grown with a Zinc concentration of 10% and Indium doping achieving high resistivity around , as measured by current-voltage (I-V) characteristics as reported in [12] , [13] , [26] . The dislocation density evaluated after Nakagawa etching [14] on the surface perpendicular to the (111) plane is typically lower than . Impurities have been analyzed by Glow Discharge Mass Spectroscopy: the larger concentration impurity, lower than 1 ppm, is due to the Boron from encapsulant.
The samples were mechanically polished with abrasive paper and 0.05 alumina suspension, rinsed in methanol, and chemically etched and passivated with a two-step chemical process [15] before the metal contact deposition. The two-step treatment minimizes the surface currents and it consists of a 2% bromine in methanol etching solution for three minutes followed by a mixed solution of 2% bromine in methanol, 20% lactic acid and ethylene glycol for two minutes. After each etching, the samples were rinsed in methanol.
The surface oxidation was carried out with a solution for six minutes at room temperature, ensuring the formation of a layer of about 70 nm as shown by ellipsometric measurements. After evaporation of 750 thick semitransparent Gold contacts of area on the opposite surfaces of sample, a thermal treatment at 80 for 70 hours in atmosphere was carried out.
The experimental PC apparatus consists of a light source system ORIEL Mod. 66882 suitably screened and focused, with a Quartz Tungsten Halogen-250 W lamp ( on the sample without neutral filter applied), neutral filters, a monochromator CornerStone 130TM 1/8 m Mod. 74000 covering the range 200-1600 nm (wavelength resolution of 3 nm), a chopper Signal Recovery Mod. 197 operating at 220 Hz, a lock-in EG&G PARK Mod. 5209.
Voltage drop between 0 and 200 V was applied to the sample by means of a Source Meter Keithley 2400 and the hot wire of bias is applied already on the illuminated face of the sample.
The chopped monochromatic light was focused on a area centered inside the metal contact, as well as the sample operates as in the high-energy detector configuration. Besides, the pair generation involves mainly a region of material where the electric field is almost uniform.
The transparencies of Gold contacts ensures, in the energy range of interest, that an enough percentage of the incident radiation reaches the CZT surface.
The output signal, collected as the voltage drop on the load resistance R (10 ) in Fig. 1 , is analyzed by the lock-in to reduce noise and remove the dark current contribution. The spectral distribution of the beam illuminating the sample was measured using an Hamamatsu Photonic MultiChannel Analyzer PMA-11 and a correction factor was introduced for all the measured spectra, taking into account the spectral distortion of Gold contacts measured for a reference Gold layer of the same thickness deposited on quartz. The mean photon flux on the active surface of CZT sample (i.e. below the metal contact) was estimated around for an incident flux of 1 . PC spectra have been acquired at fixed bias in the range 200-1600 nm and the "illuminated" I-V curves have been measured at fixed wavelength of incident photons by means of a Source Meter Keithley 2400.
From these latter curves, a careful fitting with Many's equation [16] (1) allows to evaluate the product mobility-lifetime and the carrier surface recombination parameter for electron and holes. In the (1) the thickness of sample is required and the saturation current at high electric field is the third term gift from the fitting.
The fitting procedure has been performed by least squares method with a dedicated tool of Matlab (fminuit). The experimental error for the current values is about 1% of the full-scale.
The obtained values of have been compared with values by X-ray spectroscopy. The 22 keV centroid as a function of bias for irradiation at the cathode side with source has been fitted with the simplified Hecht relation [17] . It is worth noting that in the equation one do not appear the incident radiation wavelength, nevertheless different wavelength could be different results cause of the unlike penetration length as we discuss later.
III. RESULT AND DISCUSSION

A. Spectral Features
PC spectra acquired for are shown in Fig. 2 . The investigated energy interval can be divided in three regions: I) a high energy region (200-700 nm) in which it can be found the contributions from surface oxides; II) the CZT band-edge region around 800 nm, III) a low energy region (900 1600 nm) characterized by shallow and deep levels of CZT or other unwanted complexes. The comparison between spectra at negative and positive biases for the same sample highlights different charge collection mechanisms. The low penetration depth of photons in the region II yields pairs of carriers mainly near the illuminated surface. Holes and electrons contribute to the photocurrent with weights proportional to the length of path covered in the device [18] , [27] . For negative bias applied to the illuminated surface, as in Fig. 1 , the photocurrent is mainly due to the electron drift towards the anode contact. On the other hand, for positive bias the contribution is mainly due to the holes.
The higher mobility of electrons justifies higher photocurrent signals for negative voltage, when the spectrum is characterized by an absolute maximum at 786 nm, due to the band-edge transition as confirmed by absorbance measurements (solid line labeled ABS in Fig. 2) ; in the region III a wide and weak contribution above 1000 nm was evidenced, ascribable to a large sort of impurities responsible for deep centers, as predicted by the theory of the compensation [19] . The region I shows, instead, an overlapping between a strong wide band and some localized transitions, whose nature has been investigated.
In Fig. 3 are reported the PC spectra for negative bias using neutral filters with optical density and 2.0 to reduce the photon flux from the lamp. In Fig. 2 no filters were used.
The spectra in Fig. 3 were normalized to their absolute maxima for comparison: it is evident as the signal in the region I becomes dominant on decreasing photon flux (i.e. for higher OD values).
The authors have noted the ratio between the intensities in the region I with respect the region II is not constant. In particular increasing the incident flux intensity the band-edge peak increases the size with respect the peaks in the region I, otherwise it happens with respect the region III, where the ratio is almost independent on the photon flux. This result suggests that the photocurrent for both the regions II and III originates from the bulk of device. The PC in the region I (above the band-edge) instead seems to have not origin from high-energy sub-bands transitions of bulk but, on the contrary, the saturation effect with increasing the number of incident photons, suggests that the pair generation could be related to surface levels created likely as effect of the preparation processes. A further confirmation comes from measurements in the plane transversal field PTF configuration (in this configuration the light hits the sample along its border, not on the surface of the electrodes) showed in Fig. 4 , in which the illumination is far from the contacts and the photocurrent in the region I results significant again. This result excludes effects due to the metal contacts and indicates the passivated surface of sample as origin of this contribution to the PC.
As a final remark, the samples from different ingots and different slices of the same ingot show similar behaviors for incident energies below the energy-gap. On the other hand, in the region I the spectra are characterized by a large variety of intensity values, even if the representative structure of curves is almost unvaried, as a confirmation of the variability in the surface quality with respect to the bulk properties.
Data from photoluminescence reported in literature could ascribe the peaks in the region I to oxides of Cd and Te [20] - [22] , formed near the surfaces during the etching and passivation processes.
Finally, the spectrum at positive bias was analyzed in the light of recent works. As evidenced in Fig. 2 , the spectrum for positive biases shows an intense maximum at about 810 nm and only wide broad bands in the regions below and above the band-edge. The absolute maximum of PC experiences an abrupt shift towards higher wavelengths of about 25 nm near the zero of the applied bias. The shift happens for a low negative voltage likely due to a crystalline internal field that screens the external electric field.
The displacement could be due to the combined action of both low hole product and penetration length of the light. The position of the PC maximum is fixed by the convolution of transmittance curve and electron-hole pair generation rate. At positive bias and at photon wavelengths lower than the band edge (786 nm) the transport is mainly due to the holes, generated close to the illuminated surface. Because of the lower transport properties, the holes, flying across the sample, experience a strong trapping, breed spatial charge and polarize the sample shielding the applied field chiefly near the cathode. As a consequence, only a lower carrier fraction can be collected from the cathode and the photoinduced current is then very low. A better current signal is obtained at higher photon wavelengths, when a significant fraction of holes generated deeper in the sample reaches the cathode contact, giving a lower space charge. Consequently, when the photocurrent is related to the hole motion, we have a bigger signal at greater wavelength when the penetration length increases and the polarization decreases, so the maximum shifts at higher wavelength.
It is important to note that there is another possible interpretation of this shift. Indeed also the theory explained by Franc et al. [23] , [24] can be appropriate to describe this phenomenon. This sharp displacement, according to this theory, could be justified by a shift of the gap transition on varying the bias due to the space charge accumulated on deep levels, as reported with regard the CdTe [23] , [24] . Moreover we cannot exclude effects related to the presence of traps with very high capture times involved in the transport of carriers. Works are in progress to highlight this topic by studying samples in different geometric configuration with respect to the incident light.
B. Photocurrent at Fixed Wavelength
Bulk transport and surface properties were investigated on varying bias at fixed wavelength and fitting the illuminated I-V curves with Many's relation reported in (1).
The hypotheses of this model are: 1) the electric field and the transport properties are constant in the detector volume. This hypothesis, due to the Gauss law, involves the absence of spatial charge in the crystal; 2) the material properties are not modified by the applied electric field; 3) Many's relation was obtained for blocking contacts. In our case this requirement is satisfied as verified by the I-V curves [12] , [26] showing an increasing resistance type behavior [25] .
To not perturb too much the system and to prevent the generation of spatial charge it is very important that the measured photocurrent is of the same order of the dark current or lower; 4) the light absorption by the detector must take place very close to the illuminated electrode.
The first three hypotheses are reasonably verified in our case once the space charge creation is prevented maintaining a low photon flux. As a consequence of the fourth requirement, the wavelength of the incident photons is important. As confirmed by the fitting of a large number of curves, the optimal wavelength is near the band-edge. In this case we obtained a good signal level and a higher absorption coefficient that limit the penetration length of the light in the material.
The experimental data for incident photons at 786 nm for negative (stars) and positive (circles) applied bias are shown in Fig. 6 . The curve for holes refer to the use of a neutral filter with , the other ones have been acquired without filters. Values for product and surface recombination for electrons and holes are obtained as parameters of fitting for negative and positive biases, respectively, and reported in Table I. As comparison values obtained on the same sample from X-ray spectroscopy by the 22 keV line of the source are also reported.
The comparison evidences a weak agreement due to the different excitation processes. In the PC measurements the surface effects can be very important and they can justify the lower value of . For incident light at 700 nm (region I) the fitting worsens and the term of surface recombination increases with respect to the other curves as expected, as a consequence of the reduced radiation penetration length.
A discussion about the effects of different photon fluxes on the results of fitting is due. A good agreement until a 30 times reduction of the maximum flux (neutral filter with ) was found for the product for electrons, while an increase of the ratio was observed probably due to the significant cue of the surface contribution (region I) overlapping the band edge.
On the contrary, for holes we obtained good fits only at very low fluxes (i.e. with O.D. 1.5 and 2.0 filters) even if the results are characterized by lower precision. Due to lower transport properties of holes, lower fluxes are necessary to prevent the space charge formation.
The data reported in Table I for PC measurements show as the surface recombination parameter for holes collapses. This could be due to the different mobility of electrons and holes. In fact at positive bias (with respect the illuminated electrode) due to the major mobility the electrons are extracted quickly from the generation zone to be collected at the corresponding electrode and the recombination phenomena are infrequent. Because of the hole minor mobility at negative bias we have an higher concentration of holes in the generation zone and then a major recombination. Besides another possible phenomenon explanation could be the presence, in the region under the contacts, of traps dealing with electrons, that could arise at higher recombination rate when the charge on the electrodes is inducted by the electron motion. Indeed, in this second case, the hole moving to their collecting electrode can recombine with the electrons.
It is noteworthy, the photocurrent techniques allows to evaluate the transport properties of holes, in addition to the surface features, while the X spectroscopy signal from these carriers is too low to be fitted.
A latest consideration is due. When a photon flux hits on the electrode surface it can be not excluded that carrier generation modify in an appreciable manner the free carrier density in the crystal. As a consequence the free carrier photo-generation could give a different bulk carrier density and than some variation in the product value can be justified: Indeed is independent of the carrier density only when the generated carrier density is significantly lower than the equilibrium free carrier density. The authors think this is one of the reasons of the discrepancies between the different values obtained with different wavelength and with the X-ray. However (especially when the transport is mainly due to the electrons) the little change in the product value on varying the photon flux intensity, supports the idea of a reduced presence of space charge and this reasonably allows to assert that carrier injection is negligible and, above all, charge generation are not dramatic. For these reasons we believe that Many's relation can be successfully used to fit the experimental curves.
In relation to the different value of obtained at 700 nm and 786 nm at the same flux intensity, we only note that the penetration length at 700 nm is smaller than the 786 nm one. For this reason the generation rate (number of carrier per second per volume unity) is quite different in the two case so this could be affects the value. Moreover the error associated with the fit parameter quantifies the uncertainty in the calculation of this parameter starting from a specific data set and should not be confused with the standard deviation of this parameters on a large number of data fitting. Normally these two values do not coincide and, also because of the correlations between the parameters, this last one is greater than the first one.
IV. CONCLUSIONS
Transport properties of suitable planar detectors based on CdZnTe have been measured and the results from different experimental techniques have been compared.
The steady-state photocurrent technique allowed to evidence the presence of deep levels, as predicted by the compensation theory, and surface states highly involved in the charge collection.
By varying the bias, at fixed wavelength of the incident photons, the transport parameters as the mobility-lifetime product and the surface recombination parameter for electrons and holes were obtained by fitting with Many's relation. The values of for electrons from PC are close to the results from X-ray measurements; the discrepancies were attributed to the surface effects with a cue overlapped to the band gap region evidenced in the photocurrent signal and attributed to oxides of Cd and Te of the surface layer created by etching and passivation processes. The metal evaporation does not seem to introduce surface defectiveness and the contact quality was verified as well using different illumination geometries.
The material has good transport properties, in spite of the presence of the large number of surface defects, and show spectroscopic features. For these reasons they result promising for applications for X and Gamma-ray detectors.
A further reduction of the surface defectiveness created in the finished detectors, as result of the after growth and packaging processes, could give to CZT a greater appeal for the high-energy detection applications.
